Abstract: Alpine areas, with normally fissured bedrock outcrops, do not typically contain important hydrologic reservoirs, except for small aquifers located in Quaternary sediments. By contrast, mountainous areas affected by deep-seated gravitational slope deformations (DSGSD), especially if covered by glacial sediments, contain large aquifers and are consequently promising for water exploitation. This last geological setting is observed, for example, in the lower Dora Baltea Valley (near the confluence with the Renanchio Basin) in which the Montellina Spring is located and exhibits a very high discharge. A multidisciplinary approach (detailed geological survey of the bedrock and Quaternary cover, as well as hydrogeological research based on tracer tests, hydrochemical analyses, and water balance studies) was used, allowing for a reconstruction of the geological and hydrogeological setting of the investigated area, also considering its environmental implications. The consequent hydrogeological model derives from the coexistence of some factors. In detail, the thick glacial cover, widespread in the intermediate sector of the slope, represents an important aquifer with a slow groundwater flow to the spring. The buried glacial valley floor, hosting this cover, can convey the groundwater from the high Renanchio Basin zone towards the low sector. The loosened bedrock of the low sector, consequent to DSGSD phenomena, favors the concentration of groundwater along the contact with the underlying normal fissured bedrock outcropping at the base of the slope. Finally, the flow until the spring essentially takes place through N100 • trend open fractures and trenches. Part of the Montellina Spring discharge is also fed by the low Renanchio Stream, as highlighted by fluorescein tests, essentially using NE-SW oriented open fractures on the bedrock. The results of the investigation on the Montellina Spring can provide some insight regarding the hydrological potential of other alpine areas with a similar geological setting.
Introduction
Water is an essential resource, which becomes progressively more important with time considering the increase in water needs of populations and crops. Significant aquifers contained in alluvial plains and valley floors have often been exploited for many years, whereas smaller aquifers hosted in mountainous areas have, until now, been partially known and used [1] . Water reserves in mountainous areas are essentially located in extensive and thick sedimentary non-cohesive bodies (mainly debris, landslide and glacial deposits) and/or in large volumes of intensely fractured and loosened rocks involved in deep-seated gravitational slope deformation (DSGSD) areas [2] [3] [4] . The target of the study was to explain why Montellina Spring (MS) has relatively high discharge with respect to other alpine springs. For example, in the entire Turin Province, only 35 springs have a discharge higher than 10 L/s [1] .
The Dora Baltea River basin, although characterized by an abundance of water due to the presence of high mountains and numerous glaciers, suffers from water deficits in terms of both quantity and quality, especially in summer and during periods of great tourist flow [11] . The main water supply consists of springs (about 78% of water extracted), sometimes with limited discharge (few L/s), while the remaining volume is taken from boreholes. Actually, there are about 1700 springs, of which 500 are used for drinking water purposes, resulting in around 60,000 cubic meters of water being available daily. Only the larger towns of the valley, located in the main valley floor, withdraw groundwater from wells drilled in alluvial aquifers [12] . More specifically, water resources no longer seem sufficient to cover requirements, and signs of possible conflict between different water users The target of the study was to explain why Montellina Spring (MS) has relatively high discharge with respect to other alpine springs. For example, in the entire Turin Province, only 35 springs have a discharge higher than 10 L/s [1] .
The Dora Baltea River basin, although characterized by an abundance of water due to the presence of high mountains and numerous glaciers, suffers from water deficits in terms of both quantity and quality, especially in summer and during periods of great tourist flow [11] . The main water supply consists of springs (about 78% of water extracted), sometimes with limited discharge (few L/s), while the remaining volume is taken from boreholes. Actually, there are about 1700 springs, of which 500 are used for drinking water purposes, resulting in around 60,000 cubic meters of water being available daily. Only the larger towns of the valley, located in the main valley floor, withdraw groundwater from wells drilled in alluvial aquifers [12] . More specifically, water resources no longer seem sufficient to cover requirements, and signs of possible conflict between different water users are becoming evident [11] . Consequently, the study of the Montellina Spring can furnish a useful contribution to the knowledge of springs with high discharge in the DSGSD alpine context.
The research consisted of a multidisciplinary study that allowed for the reconstruction of the geological and hydrogeological setting of the investigated area. More specifically, the study comprised a detailed geological survey of the bedrock and Quaternary cover, and a hydrogeological investigation based on tracer tests, hydrochemical analyses, and water balance studies.
Location and Features of the Montellina Spring
MS is located at 375 m a.s.l. on the western slope of the low Dora Baltea Valley (Piedmont, NW Italy), near the Quincinetto Village ( Figure 1 ). This spring is not developed at the base of the mountain, but is located approximately 100 m higher than the Dora Baltea Valley floor. Moreover, MS is located close (400 m) to the Renanchio Stream (a right tributary of the Dora Baltea River), suggesting a possible hydrogeological connection with the watercourse.
Due to its relatively high discharge, MS can be considered one of the springs for supplying drinking water with the highest discharge in the Turin Province [1, 13, 14] . In spite of its importance, few data are available for the possible interaction between groundwater and surface water (especially the Renanchio Stream) and the hydrogeological reasons that create conditions for its presence. Moreover, MS annual and inter-annual discharge data are not available because it is not possible to measure the MS discharge with continuous monitoring, due to the complexity of the spring water collection system.
A technical unpublished document [15] reports some information about MS and Renanchio Stream discharge, measured on a monthly basis in the period from February 2009 to April 2010 ( Figure 2A ). More recent data of MS discharge, from July to November 2011, are reported in a further technical document [16] ( Figure 2B ). The Renanchio Stream discharge was evaluated at an altitude of about 830 m a.s.l. with an NaCl tracer test, particularly with the instantaneous injection of a slug of NaCl into the watercourse. MS discharge was measured by combining discharge in the aqueduct pipes with an NaCl tracer test, through a slug injection in the overflow of the spring.
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These measures allow a comparison of MS and Renanchio Stream discharge that shows a common trend. However, MS discharge is always lower than discharge at Renanchio Stream. The discharge difference is higher with maximum flow in the springtime, especially in May, and decreases in summer and autumn, with a minimum value of flow during winter. Moreover, MS discharge has a lower variability than the Renanchio Stream. These measures allow a comparison of MS and Renanchio Stream discharge that shows a common trend. However, MS discharge is always lower than discharge at Renanchio Stream. The discharge difference is higher with maximum flow in the springtime, especially in May, and decreases in summer and autumn, with a minimum value of flow during winter. Moreover, MS discharge has a lower variability than the Renanchio Stream.
Methodology
The aim of this study is to clarify water circulation in the subsoil of the investigated area, which is also useful for improving our knowledge of other mountain springs in similar contexts. The synergy between geological surveys and hydrogeological methods was necessary to obtain the achieved results.
Geological Survey
The geological survey was directed to characterize outcropping bedrock both as lithology and degree of fracturing (from normally fractured to loosened), as well as to evaluate the sedimentological features of the various Quaternary sediments. The investigation also studied some typical gravitational morpho-structures of DSGSD, which involves both bedrock and surficial cover. This field survey, that brought the realization of a detailed geological map, was also combined with the interpretation of aerial photos, which were particularly useful for obtaining an overall view of the area and examining sectors that were difficult to access. The bedrock fracture setting and the porosity of Quaternary cover, as well as its permeability, are also well-investigated and used for the characterization of the spring supply, which was finalized to construct a hydrogeological model of the investigated area.
Hydrogeological Survey
The hydrogeological surveys consisted of five groundwater and surface water sampling campaigns; physical-chemical analyses, performed once per quarter for one year; evaluation of the hydrological balance of the Renanchio Basin; and the use of tracer tests. More specifically, sodium chloride (NaCl) tracer tests were performed for the evaluation of Renanchio Stream discharge, while fluorescein tracer tests were finalized for the evaluation of the rate at which the Renanchio Stream feeds MS. In order to facilitate the description of the hydrogeological survey results, the Renanchio Stream was subdivided into various stretches ( Figure 3 
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Electrical conductivity and pH were measured in situ with a portable pH-meter and electrical conductivity-meter (Hanna Instruments). 
Hydrologic Balance of the Renanchio Basin
A water balance was performed in the Renanchio Stream basin to evaluate the flow of water into and out of the hydrological system. The water balance equation can be expressed as follows:
where P is the precipitation, Etr is the evapotranspiration, Ie is the effective infiltration, and R is the runoff. The main assumption of the model considers that the net groundwater flow across the watershed boundaries is zero and, hence, the only inflow of water is P and the outflows are Etr, Ie, and R. The investigated area was divided into cells (250 m × 250 m), and for each cell, the parameters in the equation were evaluated. The precipitation (P) and temperature (T) values were calculated starting from data that were recorded at four different rainfall stations located near the investigated area, at a distance of less than 8 km from MS. The data referred to a period of 13 years (1990-2002) . Firstly, the inter-annual average precipitation and temperature values were evaluated for each station, from the P and T hourly data (Table 1) .
Then, the correlation between elevation-precipitation and elevation-temperature was determined. These correlations show the variation of P and T values with the elevation. The precipitation and temperature values were then calculated for each cell according to the medium elevation of the cell. Evapotranspiration was evaluated according to the Turc formula [18] . The effective infiltration was calculated using the Cip method [19] , considering the effective precipitation (Pe) and a potential infiltration coefficient defined as Cip, which is dependent on the type of outcropping rock and its permeability:
The Cip values utilized for the main lithologies outcropping in the area are here reported: normally fissured bedrock 0.2, loosened bedrock 0.7, very fractured bedrock 0.5, and glacial marginal sediments 0.6 modified from [19] .
Pe was calculated as the difference between the precipitation and evapotranspiration data. The runoff was calculated according to the equation:
Tracer Tests for Streamflow Discharge and GW-SW Interactions Assessment
Measurements of streamflow discharge in successive cross-sections enable the determination of groundwater-surface water exchange by computing the differences in discharge between the cross-sections [20] . Streamflow discharge can be measured by various methods, including the velocity gauging method with a current meter [21] , the gauging flumes method [22] , or the dilution gauging method [23, 24] . In this last method, a solute tracer is injected into the stream and the tracer breakthrough curves at successive cross-sections are recorded. The volumetric discharge can then be inferred from the measurements. Dilution gauging is especially used in mountainous streams where the irregular, boulder-laden cross-sections and the strong turbulence decrease the accuracy with which depth and velocity can be measured [25, 26] . Therefore, three campaigns of tracer tests were conducted in this study, using dilution gauging. They refer to different Renanchio Stream flow regimes, and more specifically, Test 1 on 14 July 2011, Test 2 on 27 September 2011, and Test 3 on 24 November 2011.
Dilution gauging is commonly performed by either a constant flow injection or an instantaneous slug injection. The constant flow injection allows for a high accuracy, and it is used especially, and almost exclusively, for low flows (discharges less than approximately 0.1 m 3 s −1 ) [27] . On the other hand, the instantaneous slug injection can be used for higher discharges (flows up to 10 m 3 s −1 or greater) [27] and in more logistically complicated areas because the measuring equipment is very easy to move. Consequently, an instantaneous slug injection of NaCl and fluorescein was used for the three tracer campaigns.
NaCl Tracer Tests
Sodium chloride (NaCl) was used as a tracer because it meets all the criteria for a good tracer. NaCl is "chemically conservative" (i.e., it does not adsorb onto river sediments), has a high solubility in water, is relatively non-toxic, can be measured in the field indirectly with a conductivity metre, and is cheap and readily available [27, 28] . For these reasons, NaCl (in ionic form) is the most frequently used chemical tracer and provides good results [29] [30] [31] [32] [33] .
Three NaCl tracer tests were performed in the investigated area for the evaluation of Renanchio Stream discharge. Moreover, measurements of streamflow discharge in two cross-sections, defined as the upstream section at 970 m a.s.l. (U in middle Renanchio Stream) and downstream section at Figure 3 ). For discharge measurements, a mass of NaCl was dissolved in two barrels of stream water and mixed well. Then, the tests were performed with the instantaneous injection of the slug of NaCl (in ionic form) into the stream by inverting the barrels containing the tracer solution and the evaluation of the total mass of the tracer at a sampling cross-section located about one hundred metres downstream of the injection point. Particularly, a large mass (39 kg) of NaCl was used in Test 1 in the upstream section and 30 kg in the downstream section, because the stream had an elevated discharge caused by a high precipitation meteorological event that occurred in the days before the test. The mass of NaCl was 25 kg in the upstream section during Test 2 and Test 3, while it was 30 kg and 20 kg in the downstream section, respectively, for Test 2 and Test 3.
The basic principle is that the ionic NaCl concentration in the slug increases the natural water concentration; this increases the measured electrical conductivity (EC), which can be used as an index of the salt concentration. Over a wide range of concentrations, the EC is indeed linearly related to salt concentration [23, 26, 27, 34] so that the EC response can be transformed into an ionic concentration of NaCl.
Measurements of EC were conducted in the sampling cross-section with a portable electrical conductivity-meter (Hanna Instruments). The elapsed time between EC measurements was 5 s. The EC values were transformed into concentration values using a calibration line, which was determined in the laboratory by detecting the variation in EC in the stream water after the addition of a certain amount of NaCl.
The equation for computing stream discharge is [23] 
where Q is the discharge of the stream in the measuring stretch, V 0 is the volume of the tracer solution injected into the stream, C 0 is the concentration of the tracer solution injected into the stream, C t is the measured tracer concentration at a given time at the downstream sampling site, C b is the background concentration of the stream, and dt is the time between two measures of EC in second (s). The low and middle Renanchio Stream water losses (L) were evaluated using the difference between the measured stream discharge at the upstream section (QtU) and the stream discharge in the downstream section (QtD), according to the equation:
Fluorescein Tracer Tests Sodium fluorescein ("uranine" or "fluorescein") tracer tests were conducted for the evaluation of the discharge of MS coming from the Renanchio Stream. Fluorescein is a fluorescent dye that has been widely used for measurements of discharge for surface water or groundwater studies in karst environments and for the determination of groundwater-surficial water (GW-SW) interactions [32, [35] [36] [37] . This chemical compound has an acceptable environmental impact and it is easily detectable using a fluorometer [38] [39] [40] [41] [42] [43] . Fluorescein has varying ranges of reactivity with different types of rocks [44, 45] , which must be considered prior to use.
Quantitative dye-tracer tests require an accurate measurement of the amount (mass) of tracer dye injected, the discharge from the spring during the test, and the concentration or total mass of tracer dye resurging from the aquifer. Quantitative dye-tracer tests are primarily used to obtain information about the time-of-travel and breakthrough characteristics of the tracer dye and to investigate flow properties [36] .
At last, the analysis of the tracer recovery curve permits different information to be derived. The shape and magnitude of the dye-breakthrough curve are most influenced by: (1) amount of injected dye, (2) velocity and magnitude of the flow, (3) hydraulic properties of the flow path taken by the tracer dye, and (4) other factors that affect mixing and dispersion of the tracer dye in the aquifer [46, 47] . Tracer constituents in groundwater systems typically show an initial "breakthrough", which is an indication of the arrival of the tracer constituent. The "residence time" or travel time of the bulk of the tracer-constituent mass is typically indicated by the time from the beginning of the injection to the peak concentration of the tracer constituent [47, 48] . Then, a sharp peak and rapidly receding concentrations can indicate little storage in the groundwater system. A broad peak and gradual decline of the receding concentrations can indicate slow groundwater velocities or ample storage capacity in the aquifer. Multiple peaks of the tracer-recovery curve can indicate multiple flow paths for tracer movement through the groundwater system, where the different flow paths have different residence times [49] .
Three tracer tests were performed in this study by a slug injection of a known amount of fluorescein in the Renanchio Stream at 975 m a.s.l. (located between middle and high Renanchio Stream) previously weighted and diluted in the laboratory ( Figure 3 ).
Because fluorescein is particularly photosensitive [36] , during the transport to the investigated area, the fluorescein was kept away from light, in order to avoid photodegradation. The injected fluorescein mass was selected based on the Renanchio Stream flow regime. The mass was 3950 g in Test 1, 2000 g in Test 2, and 2950 g in Test 3. The fluorescein was continuously monitored at the MS at regular time intervals. The detection time interval was 1 h in the first tracer test, and was 15 min in the second and third tests. Measuring equipment included a flow-through field fluorometer (GGUN-FL30, Albilia) for the real-time measurement of the tracer concentration [50, 51] . The location of the fluorometer in the spring remained unchanged for all three tracer tests. The fluorescein detection limit was 0.02 µg/L. The automatic field fluorometer permitted in-situ measurements of fluorescent dyes in water to be made. Moreover, the temporal resolution, precision, and accuracy are significantly enhanced compared to charcoal bags or water sampling [52] . Another advantage of in-situ measurement is the absence of transportation and analysis of bottled samples.
The mass of fluorescein recovered at the spring (Mr, g) was evaluated according to the equation [36, 53] :
where C (t) is the measured dye concentration of the sample (g/l), Qs (t) is the discharge measured at the spring (L/s) in the same day, and dt is the time interval between two measures of fluorescein amount (s). The MS discharges used are reported in [15] . The discharge of the low and middle Renanchio Stream that feeds MS (QtUs, L/s) was evaluated using the following equation:
where Mi is the mass (g) of fluorescein injected into the stream and QtU is the discharge in the upstream section of the middle Renanchio Stream. The percentage of water that directly supplies MS fed by the low and middle Renanchio Stream (QtUs%) was calculated using the equation:
Finally, the percentage of MS discharge that is directly fed from the low and middle Renanchio Stream (Qs%) was evaluated according to the equation: Qs% = (QtUs × 100)/Qs (9)
Results

Results of the Geological Survey
The investigated area is located in the Dora Baltea Valley near its confluence with the Renanchio Stream (Figure 1 ). Different sectors of the slope can be distinguished: a steep sector located at the base of the slope that is characterized by normal-fractured bedrock that locally crops out (sector 1), a second steep sector with loosened bedrock involved in a wide DSGSD (sector 2), a third gently dipping sector that shows a thick cover of glacial sediment (sector 3), and a very extensive fourth sector that corresponds to the high Renanchio Valley partially involved in a DSGSD and covered by glacial sediments (sector 4) (Figure 3) . MS is located near the permeability boundary between normal fissured bedrock forming sector 1 and loosened bedrock constituting sector 2.
Bedrock
The bedrock consists of a polycyclic metamorphic basement and a mono-metamorphic cover ( Figure 4 ). The basement is mainly composed of coarse-grained micaschist. Medium-grained fengitic orthogneiss, several tens of metres in size, forms tabular bodies within the polycyclic micaschist, which occur parallel to the regional foliation trend. Smaller meta-aplite, eclogite, and glaucofanite bodies are also present. dipping sector that shows a thick cover of glacial sediment (sector 3), and a very extensive fourth sector that corresponds to the high Renanchio Valley partially involved in a DSGSD and covered by glacial sediments (sector 4) ( Figure 3 ). MS is located near the permeability boundary between normal fissured bedrock forming sector 1 and loosened bedrock constituting sector 2.
The bedrock consists of a polycyclic metamorphic basement and a mono-metamorphic cover ( Figure 4 ). The basement is mainly composed of coarse-grained micaschist. Medium-grained fengitic orthogneiss, several tens of metres in size, forms tabular bodies within the polycyclic micaschist, which occur parallel to the regional foliation trend. Smaller meta-aplite, eclogite, and glaucofanite bodies are also present. The mono-metamorphic cover is composed of fine-grained quartz micaschist, with varying carbonate content, interlayered with decimetric bodies of white quartzite. These lithologies are overlain by fengitic grey marble, dolomitic white marble, and less widespread calcschist. The marble mainly crops out in the sector 2, forming levels up to a decametric size. The marble layers show a more limited and discontinuous distribution and a smaller thickness (few meters) compared to that described in the literature [14] .
The regional foliation dips towards the S and E and is weakly deformed by two sets of postregional foliation folds that trend NW-SE and NE-SW, respectively. Several fracture systems, variably open, have been recognized in the investigated area. Fracture system 1 is the best developed and shows extensional kinematic indicators. The fracture surfaces, striking approximately E-W and dipping both N and S, are characterized by gouge up to a decimetric size. Open fractures have been recognized upstream of MS and assigned to this system. Fracture system 2 has steeply inclined detachment surfaces that trend SSW-NNE or SW-NE and dip to the ESE or SE, which favors the formation of minor scarps according to the trend of the main valley slope (Figure 6 ). The fractures of system 3 strike N-S and dip E, with kinematic indicators indicating right-and left-lateral movements. Fractures of system 4 trend NW-SE and dip NE, favoring the collapse phenomena, such as those in sector 1, which have given rise to landslide accumulations around Molino (Figure 4 ). The mono-metamorphic cover is composed of fine-grained quartz micaschist, with varying carbonate content, interlayered with decimetric bodies of white quartzite. These lithologies are overlain by fengitic grey marble, dolomitic white marble, and less widespread calcschist. The marble mainly crops out in the sector 2, forming levels up to a decametric size. The marble layers show a more limited and discontinuous distribution and a smaller thickness (few meters) compared to that described in the literature [14] .
The regional foliation dips towards the S and E and is weakly deformed by two sets of post-regional foliation folds that trend NW-SE and NE-SW, respectively. Several fracture systems, variably open, have been recognized in the investigated area. Fracture system 1 is the best developed and shows extensional kinematic indicators. The fracture surfaces, striking approximately E-W and dipping both N and S, are characterized by gouge up to a decimetric size. Open fractures have been recognized upstream of MS and assigned to this system. Fracture system 2 has steeply inclined detachment surfaces that trend SSW-NNE or SW-NE and dip to the ESE or SE, which favors the formation of minor scarps according to the trend of the main valley slope (Figure 6 ). The fractures of system 3 strike N-S and dip E, with kinematic indicators indicating right-and left-lateral movements. Fractures of system 4 trend NW-SE and dip NE, favoring the collapse phenomena, such as those in sector 1, which have given rise to landslide accumulations around Molino (Figure 4) . This variety of fracture systems is connected to a deep-seated gravitational slope deformation phenomenon (DSGSD) that greatly loosens the bedrock, giving it a high permeability ( Figure 6 ). The fracturing is particularly well-developed in sector 2, where normally fractured rock volumes with evidence of glacial shaping ("roches moutonnées") that exhibit dimensions of hundreds of square metres are also preserved, especially in the Praiole-Preghiera ridge (Figure 4) . The distribution and trend of glacial striae support the exaration of these reliefs by the main Dora Baltea Glacier, suggesting the shaping of the low strip of the slope by this glacier (see Figure 7A ). This variety of fracture systems is connected to a deep-seated gravitational slope deformation phenomenon (DSGSD) that greatly loosens the bedrock, giving it a high permeability ( Figure 6 ). The fracturing is particularly well-developed in sector 2, where normally fractured rock volumes with evidence of glacial shaping ("roches moutonnées") that exhibit dimensions of hundreds of square metres are also preserved, especially in the Praiole-Preghiera ridge (Figure 4) . The distribution and trend of glacial striae support the exaration of these reliefs by the main Dora Baltea Glacier, suggesting the shaping of the low strip of the slope by this glacier (see Figure 7A ). 
Quaternary Succession
The Quaternary succession covers most of the investigated area, comprising glacial and gravitational sediments. Subglacial sediments form a discontinuous band in the low slope, locally cropping out along the Praiole and Moia ridges in sector 3, as well as near the Quincinetto village in sector 1. They directly cover the rocky slope, with a visible thickness up to several metres (Figure 4) . The subglacial cover essentially consists of overconsolidated silt with few pebbles, containing centimeter-scale smooth and striated clasts. These sediments, essentially gray in colour, are massive or show an NE dipping bedding, according to the slope. The petrographic composition of gravel, 
The Quaternary succession covers most of the investigated area, comprising glacial and gravitational sediments. Subglacial sediments form a discontinuous band in the low slope, locally cropping out along the Praiole and Moia ridges in sector 3, as well as near the Quincinetto village in sector 1. They directly cover the rocky slope, with a visible thickness up to several metres (Figure 4) . The subglacial cover essentially consists of overconsolidated silt with few pebbles, containing centimeter-scale smooth and striated clasts. These sediments, essentially gray in colour, are massive or show an NE dipping bedding, according to the slope. The petrographic composition of gravel, including clasts from local units (eclogite micaschist, eclogite, gneiss, marble, and quartzite) and exotic clasts (not eclogite micaschist, gneiss, prasinite, and serpentinite), suggests a supply from the main Dora Baltea Glacier. Its permeability for porosity is very low.
Glacial marginal sediments, by comparison, extensively cover the wide sector 3 between S. Maria and Praiole, and also locally outcrop in sectors 1 and 2 (near Marro) (Figure 4 ). These sediments range from ten to over thirty metres along the middle Renanchio Stream bed. They consist of variably sized clasts (from a decimeter-scale to greater than ten metres), which are mostly faceted with rounded edges in a scarce sandy-silty matrix, with normal consolidation and medium permeability for porosity (k = 10 −4 ÷ 10 −6 m/s depending on the matrix grain size) (Figure 8 ). These sediments only include local clasts (eclogite micaschist, eclogite, gneiss, marble, and quartzite), suggesting a sediment supply from the Renanchio Glacier. exotic clasts (not eclogite micaschist, gneiss, prasinite, and serpentinite), suggests a supply from the main Dora Baltea Glacier. Its permeability for porosity is very low. Glacial marginal sediments, by comparison, extensively cover the wide sector 3 between S. Maria and Praiole, and also locally outcrop in sectors 1 and 2 (near Marro) (Figure 4 ). These sediments range from ten to over thirty metres along the middle Renanchio Stream bed. They consist of variably sized clasts (from a decimeter-scale to greater than ten metres), which are mostly faceted with rounded edges in a scarce sandy-silty matrix, with normal consolidation and medium permeability for porosity (k = 10 −4 ÷ 10 −6 m/s depending on the matrix grain size) (Figure 8 ). These sediments only include local clasts (eclogite micaschist, eclogite, gneiss, marble, and quartzite), suggesting a sediment supply from the Renanchio Glacier. The glacial marginal sediments form a set of asymmetric ridges elongated in an average WSW-ENE trend, regarded as lateral moraines (Figure 4 ). These moraines are separated by incisions that can be interpreted as spillway channels partially filled by outwash sediments (not represented in the geological map because of their small extent). Most large moraines are located in the wide area comprised between the current Renanchio and Granero streams (sector 3), whereas smaller moraines are located along the low Renanchio and Granero streams (sectors 2 and 1).
The wide distribution of glacial marginal sediments and the trend of the reported large moraines (sector 3) suggest that these sediments fill a WSW-ENE glacial valley floor, located north of the Santa Maria-Preghiera ridge (reported as 15 in Figure 4 ). This incision, now buried, shows a WSW-ENE trend different with respect to the current, essentially W-E, tributary watercourses. The large moraines and the supposed buried valley floor abruptly end at approximately 675 m a.s.l. and do not continue in sectors 2 and 1 (Figure 7) , which are mainly shaped in the bedrock.
The great thickness of the glacial marginal sediments forming the large moraines (which does not allow for the outcropping of bedrock in the entire sector 3) also implies that the buried glacial valley floor was deeper than the current Renanchio incision shaped in the bedrock (see Figure 5B ). The glacial marginal sediments form a set of asymmetric ridges elongated in an average WSW-ENE trend, regarded as lateral moraines (Figure 4 ). These moraines are separated by incisions that can be interpreted as spillway channels partially filled by outwash sediments (not represented in the geological map because of their small extent). Most large moraines are located in the wide area comprised between the current Renanchio and Granero streams (sector 3), whereas smaller moraines are located along the low Renanchio and Granero streams (sectors 2 and 1).
The great thickness of the glacial marginal sediments forming the large moraines (which does not allow for the outcropping of bedrock in the entire sector 3) also implies that the buried glacial valley floor was deeper than the current Renanchio incision shaped in the bedrock (see Figure 5B) .
The wide distribution and preservation of the glacial sediments, as well as their weak weathering, support an age ranging from the Last Glacial Maximum (LGM) to the early stages of Lateglacial. Therefore, it is possible to hypothesize that the Renanchio Basin, during the LMG, hosted a wide glacier (Renanchio Glacier) responsible for the shaping both in the high basin, which preserves the typical glacial morphology and sediments, and in the low basin, where the buried valley floor (filled by moraines) is reported. In comparison, the glacial landforms of the high Renanchio Basin (sector 4) show continuity with the large moraines (sector 3), and these last landforms do not continue in the low slope (sectors 2 and 1). The distribution of subglacial sediments of the Dora Baltea Glacier in sectors 2 and 1 suggests that these sediments were exclusively supplied by the main glacier, and therefore, the confluence between the two glaciers during the second part of LGM was at approximately 675 m a.s.l. (Figure 7A ).
The presence of small moraines in sectors 1 and 2, localized along the low current incisions of Renanchio and Granero streams, suggests that during the Lateglacial, small glacial tongues survived in the Renanchio Basin, after the retreat of the Dora Baltea Glacier, almost reaching the present main valley floor ( Figure 7B ).
Landslide deposits are also very common in the investigated area. They form a continuous cover in sector 1 (near Molino) (Figure 4 ). These sediments consist of angular clasts with various sizes of local rocks (eclogite micaschist, eclogite, marble, and quartzite) in a scarce silty-sandy matrix, responsible for the high permeability for porosity. The clasts are very large (up to 1000 m 3 ) at the distal edge of the accumulations near the Quincinetto village. These large boulders can often be mistaken as bedrock outcrops.
These sediments form convex, adjacent, highly dipping landslide accumulations that are separated by incisions hosting small springs. The detachment surfaces are visible W of the accumulations, along a relatively continuous rocky wall that has an NW-SE trend (conditioned by fracture system 4). The landslide accumulations involve the loosened bedrock (eclogite micaschist) and locally (northern landslide body), its subglacial cover.
Finally, wide sectors at the base of the scarps are covered by debris, composed of angular clasts that are relatively constant in size (from centimetres to decimetres), without matrix, with high permeability. MS develops into the debris, at the boundary with a landslide accumulation.
DSGSD Morpho-Structures
The setting of sector 2, immediately upstream of MS, is strictly conditioned by numerous open fractures and trenches, with a width that ranges from centimetres to several metres, and minor scarps, showing a height of several metres (Figure 4 ). These structures fully change the setting of the bedrock, which assumes a scarce consistence and a high permeability due to fractures ( Figure 6 ). The loosened rocks are part of a wide DSGSD that is prevalently located S of the Renanchio Stream (Figure 1 ). These loosened rocks cover the normally fractured bedrock that crops out in sector 1. The fracturing also favors the formation of detachment niches, multiple metres high, that are responsible for the deposition of landslide sediments and debris.
The N100 • trend trenches along the DSGSD fracture system 1, particularly developed in sector 2 upstream of MS, contribute to the MS feeding (Figure 4) . They are several metres wide and cross-cut the glacial sediments and landforms (i.e., the "roches moutonnées").
Some SW-NE multiple metres high minor scarps, along the DSGSD fracture system 4, also involve the normal fissured bedrock, as is visible in the Renanchio Stream incision. They, located in sector 2 downstream of S. Maria, are likely responsible for the connection between the watercourse and MS (Figure 9 ). 
Hydrogeological Survey
Physical-Chemical Analyses
The results of chemical analyses indicate that the following relationship in the abundances of cations and anions was generally observed for all samples (Table 2) The electrical conductivity generally showed a value ranging between 57 and 90 µS/cm in the stream and higher values, between 105 and 119 µS/cm, in the MS.
Temperature in MS ranged between 8.9 °C and 10.0 °C, with an average value of 9.6 °C. The Renanchio Stream showed a higher variability both along the stream course and during the year (Table 3) The presence of a quite constant water chemistry and temperature of MS is probably due to the presence of a large aquifer in the porous deposits, so as to allow homogenization of the chemical composition of groundwater throughout the year. The analysis of major ions using a Piper diagram (Figure 10) shows that groundwater and surface water samples belong to the Ca-Mg-HCO3 facies. The prevalence of these ions can suggest that most of the water in the investigated area had limited exchange with the surrounding porous medium. A comparison of MS and Renanchio Stream water ions, using scatter plots, highlights a strong correlation (coefficient of correlation R 2 = 0.94) between HCO3 − and Ca 2+ , which could be related to the presence of marble in the area (Figure 11 ). The correlation further increases if Ca 2+ and Mg 2+ are considered (R 2 = 0.97), probably due to the dolomitic origin of some marbles.
Moreover, the MS water shows a higher ion concentration than Renanchio S. water; however, the ratio between Ca 2+ + Mg 2+ and HCO3 − remains almost constant. It represents clear evidence of a connection between surface water and groundwater. 
Hydrogeological Survey
Physical-Chemical Analyses
The results of chemical analyses indicate that the following relationship in the abundances of cations and anions was generally observed for all samples ( Temperature in MS ranged between 8.9 • C and 10.0 • C, with an average value of 9.6 • C. The Renanchio Stream showed a higher variability both along the stream course and during the year (Table 3) The presence of a quite constant water chemistry and temperature of MS is probably due to the presence of a large aquifer in the porous deposits, so as to allow homogenization of the chemical composition of groundwater throughout the year. The analysis of major ions using a Piper diagram (Figure 10) shows that groundwater and surface water samples belong to the Ca-Mg-HCO 3 facies. The prevalence of these ions can suggest that most of the water in the investigated area had limited exchange with the surrounding porous medium. A comparison of MS and Renanchio Stream water ions, using scatter plots, highlights a strong correlation (coefficient of correlation R 2 = 0.94) between HCO 3 − and Ca 2+ , which could be related to the presence of marble in the area (Figure 11 ).
The correlation further increases if Ca 2+ and Mg 2+ are considered (R 2 = 0.97), probably due to the dolomitic origin of some marbles.
Moreover, the MS water shows a higher ion concentration than Renanchio S. water; however, the ratio between Ca 2+ + Mg 2+ and HCO 3 − remains almost constant. It represents clear evidence of a connection between surface water and groundwater. Table 2 . The apexes of the cation ternary plot are calcium, magnesium, and sodium plus potassium. The apexes of the anion plot are sulphate, chloride, and carbonate plus hydrogen carbonate. Table 2 . The apexes of the cation ternary plot are calcium, magnesium, and sodium plus potassium. The apexes of the anion plot are sulphate, chloride, and carbonate plus hydrogen carbonate. Table 2 . The apexes of the cation ternary plot are calcium, magnesium, and sodium plus potassium. The apexes of the anion plot are sulphate, chloride, and carbonate plus hydrogen carbonate. 
Hydrologic Balance
The results of the hydrologic balance for the Renanchio Basin referred to a period between 1990 and 2002 ( Table 4 ). All of the parameters of the hydrologic balance are an "estimation" because they were mathematically evaluated and not directly measured in the field. The overall annual MS discharge (2. Figure 12 ). Consequently, a discharge loss of about 26% of the streamflow in Test 1, 23% in Test 2, and 11% in Test 3 can be estimated, relatively not influenced by very different discharge of the watercourse. 
The results of the hydrologic balance for the Renanchio Basin referred to a period between 1990 and 2002 ( Table 4 ). All of the parameters of the hydrologic balance are an "estimation" because they were mathematically evaluated and not directly measured in the field.
The overall annual MS discharge (2. represents approximately 24% of the effective infiltration in the Renanchio Basin area. Thus, according to the balance, the effective infiltration characterizing the basin is sufficient to supply MS. Figure 12 ). Consequently, a discharge loss of about 26% of the streamflow in Test 1, 23% in Test 2, and 11% in Test 3 can be estimated, relatively not influenced by very different discharge of the watercourse. 
Fluorescein Tracer Tests
Fluorescein tracer test results produced tracer recovery curves with an asymmetric trend, characterized by a quick-flow response in all three tests ( Figure 13 ). More specifically, the dye breakthrough curves show a rapid arrival of the dye to the spring, indicating a little storage in the groundwater system before the arrival of spring, a single peak, and a gradual decline of the receding concentrations.
Fluorescein tracer test results produced tracer recovery curves with an asymmetric trend, characterized by a quick-flow response in all three tests (Figure 13 ). More specifically, the dye breakthrough curves show a rapid arrival of the dye to the spring, indicating a little storage in the groundwater system before the arrival of spring, a single peak, and a gradual decline of the receding concentrations.
The results of the fluorescein tracer tests (Table 5) indicate that in Test 1, the first fluorescein arrival at spring was 16 hours after injection, and a peak concentration of 0.41 µg/L was measured 52 hours after injection. Concentrations fell below the limit of detection within 22 days after injection. The mass of fluorescein (Mr) that had reached the Montellina Spring, obtained using Equation 6 , was equal to 38.086 g. Thus, the amount of water from the Renanchio Stream that feeds MS (QtUs) was calculated to be 14.4 L/s, which corresponds to less than 1% of the stream discharge (QtUs%).
Consequently, the percentage of MS discharge that is directly derived from the low and middle Renanchio Stream discharge (Qs%) is 7.9%. The first tracer arrival in Test 2 was recorded at 29 hours, but the peak was not measured until 132 hours after the injection. The recorded peak concentration was 1.45 µg/L. A detectable concentration was measured for a period of more than 50 days. The mass of fluorescein that reached MS was 281.827 g. This value was used to evaluate QtUs (18.7 L/s), QtUs% (14.1%), and Qs% (13%).
The first fluorescein arrival at spring in Test 3 occurred 23 hours after injection. The fluorescein peak (0.78 µg/L) was registered at 72 hours after injection, whereas the fluorescein concentration was registered for 35 days after the injection. The value of Mr calculated for this test was 123.806 g. Consequently, the water amount from the low and middle Renanchio Stream that fed MS was 14.8 L/s, which corresponds to 4.2% of the Renanchio Stream discharge. The percentage of MS discharge that was derived from the Renanchio Stream discharge (Qs%) was 8.7% (Table 5) .
Tracer tests, analysed as a whole, highlight that only up to 13% of MS discharge is directly fed by the low and middle Renanchio Stream. This percentage corresponds to a discharge between 14.4 L/s and 18.7 L/s, depending on the measurement period. In detail, the first arrival of the tracer to spring in a few hours indicates a fast water flow through open and persistent NE-SW oriented fractures located in sector 2 ( Figure 9 ). The following arrival that reaches spring (up to 50 days) The results of the fluorescein tracer tests (Table 5 ) indicate that in Test 1, the first fluorescein arrival at spring was 16 h after injection, and a peak concentration of 0.41 µg/L was measured 52 h after injection. Concentrations fell below the limit of detection within 22 days after injection. The mass of fluorescein (Mr) that had reached the Montellina Spring, obtained using Equation (6) , was equal to 38.086 g. Thus, the amount of water from the Renanchio Stream that feeds MS (QtUs) was calculated to be 14.4 L/s, which corresponds to less than 1% of the stream discharge (QtUs%). Consequently, the percentage of MS discharge that is directly derived from the low and middle Renanchio Stream discharge (Qs%) is 7.9%.
The first tracer arrival in Test 2 was recorded at 29 h, but the peak was not measured until 132 h after the injection. The recorded peak concentration was 1.45 µg/L. A detectable concentration was measured for a period of more than 50 days. The mass of fluorescein that reached MS was 281.827 g. This value was used to evaluate QtUs (18.7 L/s), QtUs% (14.1%), and Qs% (13%).
The first fluorescein arrival at spring in Test 3 occurred 23 h after injection. The fluorescein peak (0.78 µg/L) was registered at 72 h after injection, whereas the fluorescein concentration was registered for 35 days after the injection. The value of Mr calculated for this test was 123.806 g. Consequently, the water amount from the low and middle Renanchio Stream that fed MS was 14.8 L/s, which corresponds to 4.2% of the Renanchio Stream discharge. The percentage of MS discharge that was derived from the Renanchio Stream discharge (Qs%) was 8.7% (Table 5) .
Tracer tests, analysed as a whole, highlight that only up to 13% of MS discharge is directly fed by the low and middle Renanchio Stream. This percentage corresponds to a discharge between 14.4 L/s and 18.7 L/s, depending on the measurement period. In detail, the first arrival of the tracer to spring in a few hours indicates a fast water flow through open and persistent NE-SW oriented fractures located in sector 2 ( Figure 9 ). The following arrival that reaches spring (up to 50 days) indicates a slower water flow mainly through a fracture network with a lower permeability. The remaining 87% of the spring discharge is not directly fed by the analysed low and medium Renanchio Stream and is, instead, essentially fed from the effective infiltration in the Renanchio Basin, characterized by very fractured rocks, with high permeability, and glacial marginal sediments (see Figure 5) .
Despite the large variation of stream discharge and losses, the discharge of the spring remained fairly steady, ranging between 144 and 181 L/s (Table 5) . Thus, only a little fraction of the stream losses, and more specifically, discharge varying between approximately 14 and 19 L/s, moves to the spring, despite the high variability of the Renanchio Stream discharge. The relatively constant water supply by the Renanchio Stream to MS, independently of the watercourse discharge, implies a percentage variation from 1% to 14%, depending on base and flood periods (Figure 9 ).
Discussion
MS, as above reported, is located at 375 m a.s.l. on the western slope of the low Dora Baltea Valley, relatively close to the low Renanchio Stream (400 m north). Moreover, it is located approximately 100 m higher than the valley floor and is characterized by a very high discharge (Figure 1 ), corresponding to approximately 24% of the effective infiltration in the Renanchio Basin ( Figure 2B ) ( Table 4) .
The synthesis of geological and hydrogeological surveys of the investigated area suggests that the presence of MS is strictly connected to the different fracturing degrees of bedrock, consisting of an underlying normal fractured body and an overlying from highly fractured to loosened one, the last of which has a thickness of several tens of metres. The normal fractured body, locally outcropping in sector 1, is characterized by a low to very low permeability (k < 10 −6 m/s), whereas the loosened body that extensively outcrops in sector 2 (DSGSD) has a high permeability due to fractures (Figure 4 ) (k = 10 −2 ÷ 10 −3 m/s). The superposition of these two rocky bodies defines a permeability boundary along which the groundwater can preferentially flow. Moreover, the bedrock discontinuities located in sector 2 upstream of MS, consisting of both N100 • trend open fractures and trenches, ( Figure 5C ), and NE-SW minor scarps (open and persistent fractures) (Figure 9 ), are also significant for the feeding of the spring.
Furthermore, the Quaternary cover also has an important role in the location of MS. Indeed, the thick glacial marginal sediments on the entire sector 3 covering the bedrock (Figure 4) , forming a set of large lateral moraines connected to the Renanchio Glacier and characterized by a medium permeability for porosity (k = 10 −4 ÷ 10 −6 m/s depending on the matrix grain size), determine a slow groundwater flow essentially supplied by infiltration in the high Renanchio Basin ( Figure 5A ). The geological reconstruction also highlights the presence of a buried glacial valley floor (covered by glacial marginal sediments) shaped in the bedrock by the Renanchio Glacier in sector 3, but not present in sector 2 ( Figures 5B and 7 ). Thus, it is possible to hypothesize that this landform conveys the most groundwater contained in the glacial marginal sediments.
The hydrogeological constraints comprise a relatively constant MS water chemistry and temperature, suggesting the presence of a large aquifer hosted in the marginal glacial sediments so as to allow homogenization of the chemical composition of groundwater through the year (Table 2) .
Moreover, MS temperature values, which are not very variable over time, suggest a relatively deep groundwater flow circuit, scarcely influenced by seasonal air temperature (Table 3) .
Additionally, the greater MS electrical conductivity compared to that of the Renanchio Stream, suggesting a high residence time of MS water in the rocks, supports non-exclusive MS feeding by stream water (Table 2 ).
Detailed information regarding the feeding of MS is provided by fluorescein tracer tests ( Figure 13 ). The arrival of fluorescein to MS in a short time (first arrival variable between 16 and 29 h after the injection of the tracer) testifies to a fast connection between MS and the low Renanchio Stream, shaped in the bedrock. This fast connection takes place through the DSGSD fractures, essentially using the NE-SW minor scarps. Moreover, the arrival of fluorescein in MS recorded for periods up to 50 days can be due to slower groundwater flow through less open DSGSD fractures. The remaining MS discharge is not directly fed by the low Renanchio Stream and it is likely supplied by the effective infiltration in the Renanchio Basin. More specifically, the results of tracer tests highlight that, despite the fact that low and middle Renanchio Stream losses are very variable (from 389 to 41 L/s) depending on watercourse discharge ( Figure 12 and Table 5 ), only a small part of these losses reaches the spring. Particularly, the results of fluorescein tracer tests indicate that the Renanchio Stream losses contributing to MS discharge are low (about 14-19 L/s corresponding to 8-13% of MS discharge) and approximately constant independently of the watercourse discharge ( Figure 9 and Table 5) .
A hydrogeological conceptual model of the investigated area was therefore reconstructed, summarizing the different geological and hydrogeological data ( Figure 5 ). Groundwater, coming from the effective infiltration of rain and snow in the entire Renanchio Basin, flows in the highly fractured bedrock of sector 4 and in the glacial marginal sediments of sector 3. A large aquifer is located in this last sector, allowing homogenization of the chemical composition of groundwater, with a relatively deep flow circuit, as suggested by the small variability of MS temperature values. In this aquifer, groundwater is characterized by a slow flow velocity and it is then conveyed along the buried glacial valley ( Figure 5A,B) .
It is possible to assume that the groundwater flow continues through the loosened bedrock outcropping in sector 2 (DSGSD) (Figure 5A,C) . Here, the superposition of two rocky bodies with different fracture degrees (normally fractured and loosened bedrock) can favor the groundwater flow along the permeability boundary. In detail, MS is located in correspondence of the ground surface intersection with the permeability boundary. The N100 • open fractures and trenches, particularly diffused upstream of MS and facing the spring, are responsible for a significant groundwater flow towards the MS.
At last, only a small part of MS discharge is fed by the low Renanchio Stream, as highlighted by tracer tests. Particularly, groundwater flows from the low Renanchio Stream to MS essentially using open and persistent fractures (NE-SW minor scarps) in the bedrock (Figure 9) . Finally, the HCO 3 − content and the relatively high correlation between HCO 3 − and Ca 2+ plus the Mg 2+ content of MS water evidence the presence of dolomitic marble levels in the bedrock. However, these partially karstified marble levels (microkarst), multiple metres thick, furnish a little flow to the spring because (i) the amount of water hosted in these karstified marble levels cannot justify the high discharge of the spring; (ii) the presence of only microkarst can cause a high velocity of groundwater flow, with spring discharge closely dependent on the precipitation, in contrast to the continuous MS discharge; and (iii) the presence of a DSGSD does not allow the maintenance of the continuity of the karst circuit.
Conclusion
The research conducted in the low Dora Baltea Valley showed that the occurrence of MS with very high, anomalous, discharge was only partially connected to the low and medium Renanchio Stream, so a more complex solution of the hydrogeological setting was needed. More specifically, the location of MS near the contact between normally fissured bedrock at the base of the slope (sector 1) and loosened rocks, which form the slope immediately upstream of the spring (sector 2), confirmed an origin partly related to this limit ( Figure 5 ). In detail, MS originates from the coexistence of three main factors, namely, highly fractured bedrock connected to DSGSD, wide and thick glacial sediment cover, and a buried glacial valley, which also drains the high Renanchio Basin ( Figure 5 ). Consequently, MS is a fine example of combined slow flow into glacial sediments and more fast flow through open bedrock fractures, which ensures a reliable water supply for inhabitants.
This investigation, using a multidisciplinary approach with geological and hydrogeological surveys, provides a basis for a methodological approach to define the hydric availability in other alpine springs in the DSGSD context. Considering that large water reservoirs are usually associated with alpine areas characterized by DSGSD, this context can be very favorable for storing large volumes of water, favored by a high infiltration in the open fractures of very thick bodies of loosened bedrock. Furthermore, a wide distribution and a great thickness of glacial sediments, with medium permeability, generally occurs in DSGSD areas and is also promoted by the strong fracturing of bedrock. These sediments, in addition to being a reservoir, are characterized by slow flow, which favors a relatively constant discharge of the springs.
Numerous springs in the alpine area are favored by highly fractured bedrock and a wide distribution of Quaternary sediments. A more sustainable exploitation of the water resource, essentially hosted in rocky masses involved in DSGSD, can greatly help the mountain population support. Many activities (agricultural, farming, touristic including winter sports) that formerly required a small water supply, now show a sharp increase in water needs (i.e., all new plants are made with irrigation systems). 
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